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Many models ofeconomic growth exclude materials, eneegy other interndiate
inputs from the production function. Growing environmental pressures and
resourceprices suggestthat this may be increasinglyinappropriate. Thispaper
explores the relationshipbetween intermediaténput intensity, productivity and
national accountsising apanel dateset of manufacturingubsectorsn the United
States oveHd7 years.The first contributionis to identify sectoral production func-
tions that incorporatentermediateinputs, while allowing for heterogeneityn both
technologyand productivity. The second contributions that the paper findsa
negative correlatiometween intermediatnput intensityand total factor produc-
tivity (TFP) — sectors thasre lessintensivein their use of intermediaieputs have
higherrates ofproductivity. This findingis replicated athe firm level. We propose
tentativehypotheseso explainthis associationbut testingand furtherdisaggregatiorof
intermediatanputsis left for further work. Furthework couldalso exploremore directly
the relationshipbetween materialinputs and economic growth— given the high
proportionof materialsin intermediaténputs,theresults inthis paper arsuggestvef
further work on material efficiency. Dependingupon the natureof the mechanism
linking a reductionin intermediateinput intensityto an increasein TFP, the
implicationscould besignificant. Athird contributionis to suggest thadn empiricalbias
in productivity, asmeasuredh national ac-counts, mayrise due to thexclusionof
intermediateinputs. Current conventions aheasuring productivityin national
accounts may overstatiee productivityof resource-intensive sectors relattuether
sectors
Keywords: Material intensity, material efficiency,
intermediateinputs, productivity, total factor productivity,
economic growth
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2 Baptistand Hepbum

1.Introduction

Since the industrialrevolution, energyand materiatosts havedallen dramaticallyand
rapid economic developmenthas occurredalong an energy and materials
intensive growth path.Over the 20th certury, despite a quadruplingf the
populdion and a20-fold increasén economic output, available material resources
becamemore plentifu] relativeto manufacturedcapital and labouy and technological
advances continuetb drive down their pricesEconomistften omittednatural and
environmental resourc&®m production functions altogetheas capitaland labour
were more importantieterminantof output,and measuremeigsues meanthatit was
difficultto glean insightdrom dataon material inputs.

This material-intensive economi®del hassubstantially increased pressure(dn
environmental resourcesich as the climatdfisheriesand biodiversityand (i) natural
resourcesand commodities In a variety of domains, so-called ‘planetary
boundaries’appear to be being exceedE®8]. Commodityprices have increasedyb
almost 150%in real termsoverthe last 10 yearsafter falling for much of the20th
century[28], and 44million people fell intopovertydue to rising food prices ithe
secondhalf of 2010 [42].

Current environmentabnd resource pressureseem likely to increaseas the
humanpopulationswells from 7billion to 9-10 billion and as the number ohiddle
class consumerggrows from L billion to 4 billion people [46]t If increases in
living standardsre to occurwithout social andenvironmental dislocatiomajor
improvementsn the efficiencyand productivity with which we usematerials and
other intermediaténputswill be required.

Given these pressuregsomitting intermediate inputs, particularly material in-
puts, from economic production functions,as is common in macroeconomic
modeling, appears increasingly unwise. Productionctioms with capital and
labouras the sole'factorsof production’ may havéeen justifieda centuryago; it
was asensible modeling stratedy ignore materialsgiven their relativeabundance
andthe absencef useful data However, resulté this paper indicatéhat itis worth
exploringthe possibility that omitting material inputs migd tobiased estimates
of productivity. $

This paper exploresthe importantrelationship between intermediatanputs, of
which materialsare amajor componentand productivity Understandingof
the role of materialsin the economyis currently limited by anumber ofelements
of the standard economic approdchproductivity measuremenihe two most
important limitations, discussed furthiarsection2, are:

1. Theuse ofvalueadded aggregate measures. Value-adsiatkfinedas
the value of total outputminus the cost of raw materiglsenergy andother
intermediate inputs. This measuris useful for analysesof economy-wide
incomeand economic growthbecause the sum of thealue-added across

T Middle class consumeese definedas those with dailyer capitaspendingof between $10 and
$100 in purchasingpowerparity terms [46].

$Omitting materials also reflects an inaccurate assumptiontedrarciy and value For
instance, this typef assumption ha&d to the adoptiorof nationalaccounts whichdo not
include genuine balance sheets measunaglth andther staks;theis almostertirely on flows,
although [3; 4; 8] provide notable exceptions. One consequerisgéhat mary natons such as
Australia, effectively accountfor the extractionof natural resources as a foroh income,
ratherthan as a partial asset sale.
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Intermediateinputs and economiproductivity 3

all entitiesin the economy equatewith total Gross Domestic Produ@GDP).
However, value-added measures have tmajor drawbacksin working with
materials. Firstthey tend torequirethe assumptiorof constantand uniform use of
materials ovelttime and across sectorSecondthey excludematerialuse as an
explanatory factoin generating national inconaad productivity.

2. Conceptual and practical limitatioms dataon ‘material’inputs.

Data collectedfor national account®n purchasesof raw materialsare not
normally separatedut from dataon purchasesf other physical intermediate
inputs,such ascomponentspr sometimeseven fromall intermediateénputs. This
is partly due to conceptual problemaf distinguishing betweeraw materialsand
processedntermediatecomponets.

In this paper, we focugprimarily on addressinghe first limitation. We do soby

using a‘gross output’ production function, rathehan a‘value added’production

function. This restrict®ur ability to draw robust conclusion®n an econony-

wide scale — becausmanyof the outputsof one firm areinputsto anotheifirm — but

it does allow us taaccountfor heterogeneityn both intermediaténput intensity and
productivity across economicectors. Generalisinthe analysidn this way places
additional demandn the data requiretbr empirical analysiswhich meanghat it

is not possible to simultaneouslyand comprehensively addresthe second
limitation without compromisingon statistical reliability. Accordingly, our

empirical strategys to first robustly establislthe relationshipbetweeneconomic
productivity and the wider notion of intermediateinputs, as used innational

accountsThe applicationto a narrower definitionof intermediateinputsis let to

futurework when therequireddatabecomesavailable.

While we would prefer to distinguistmaterial inputs alone, data limitatiomgan
thatin this paper anempirical analysis based solady material inputavas not

possible,and intermediaténputsare usedinstead. Intermediate inpuase defined
asthe sum of the reallaluesof physicalintermediateinputs, energwnd purchased
services (calculated by applying NBER deflatorsthe nominal monetary
valuesof eachinput).t

The primary analysisof the paper usesdataon industrial subsector§om the

United States ovahe 47yearsfrom 1958 to 2005.Material costs largelydeclined
over this period untiljust after 2000, at which pointthey increasedapidly [34]. A

secondary analysis employs firm-level ddétam South Koreato demonstrate
that the resultsare not anartifactof sectorial compositionMe also use thé&South
Korean datato empirically explorethe relationshipbetween grossoutputand

value-addedmeasuresof productivity. In both cases,we estimateor use
production functionghat explicitly accounfor the role of intermediatéenputs,
and then explore theassociationbetween the intermediaiaetensity of production,
definedas the costshare of intermediaténputs in total cost, and total factor
productivity (TFP). Productivity is commonly definedas a ratio of a volume
(not valug measure of outpusuch as gross outpudr value-added})o a volume
measuref input use52]. In contrast, TFP accourfts impactson total output
thatare notexplained

t This follows the definitions used the primary datasete employ. While intermediatdnputsare

not disaggregatedurtherin the dataset usdadr the main analysis, the UBnnual Surwey of

Manufacturesndicatesthatintermediateinputsare comprisethy around’2 per cenphysicalinputs,
23 percent services, an8l per cenenergy inputs.
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4 Baptistand Hepburn

by the (measured) inputs, including capitad labour,as discussedn section 2
below.

The analysisn this paper indicatethatlower intermediatanput intensity is
positively associatedith higher total factor gbroductivity, both across thdJ.S.
sub-sectors and across tteouth Korean firmdn other words,firms and industries
thatemploy modes ofproduction thatuse more labour and fewer intermediat@uts
appear to have overall higher total factgroductivity. The resultsin this paper
suggest that policiewhich encourageess intermediaténput-intensive sectors or
reducethe intermediatenput-intensityof production mayead toincreasesn aver-
age productivity. Policies to promote material féiciency (or more general
reductionsin material intensity) shouldhus be explored, given the possible
microeconomi@nd macroeconomibenefits.

The paper proceedas follows Section2 sets out thetheoretical economiocgf
material efficiency reviewing research thaias employed production functions
incorporating ‘materials’,in some form orother,and exploringthe relationship
with economic prductivity. This sectioralso provideghe theoreticalbasis forthe
empirical part of the paper, presenteid section3. Section3 describesthe data
methodologyand resultsof our analysisf U.S.manufacturingsubsectorand South
Korean firms. Sectiod exploresthe policy implicationsof our analysisand
section

5 conclude.

2. The theoretical economics of materifficency

Material eficiencyis often defineds theprovisionof more goods andervices with
fewer materials[2]. As foreshadowedthe definition of materials withinthe
engineeing literatureis often diferentto that which is employedin economics.
Engineersand scientists have tendew define ‘materials’ to mean physical
inputs such asiron ore and steel,often measuredn units of mass.In contrast,
economists oftemo not differentiatebetween ‘materials’ and other intermediate
inputs aggregatetbgether, partlybecauseit can bedifficult to distinguish‘raw’
materialdrom otherprocessed physical componert®ven materialsuch ascotton
and timberrequirelabour andcapitalto be produced. As noted abowse will use
intermediatanputs aghe unit ofanalysisn this paper, due taataconstrairns.
Similarly, we define the‘intermediate input intensitybf productionas the cost
share of intermediatenputsin the total cost of production.t While this is naturalfor
aneconomistan engineer mightind it more naturalto define ‘intermediate input
intensity’ by referencéo the proportionof the mass owolume of intermediate
inputsin the final mass ovolumeof output. Iffrms adjusttheir inputsin order to
maximiseprofits,our definitionof ‘intermediate input intensity— the cost shareof
intermediateinputsin the total cost of production— is also equal to thg@ercemage
increasean intermediateinputs requiredor aone percent increasim output. Thiss
referredto as the‘elasticity of outputwith respect to intermediai@puts’.

This section reviewshe relevant economic literature. Subsecti@) examines
the definition of intermediateinputs. Subsectiofb) reviews previousfforts to in-
corporaténtermediaténputsin economic production functions, subsect{onsets

T Intermediateénput and materiahtensiyy and éficiencyare rarelyexamined ireconomics;

the most closely-related research examines natgsburces as aroad theoretical concept
[27; 35; 64 66].
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out the theoreticalinks between intermediateputuse and TFPand subsection
(d) establisheshe basis for theempirical sectiomf the paper.

(a) The definitionof intermediate inputs

Within national accounts, materialare generally incorporatedinto an
‘intermaiate inputs’ aggregate. This unhelpful stteffairshas arisenfor several
concepual and practical reasons. Firsgs noted above, itan be difficult to
conceptuallydistinguish raw materialsfrom processedphysical componentsihe
examples of timber and cotton have alreadyeen noted.In addition, consider
thatthe ‘raw material’ of iron ore, used in steel manufacturing itself the output of
an economicsector, mining.The mining sector combine$abour, capital, natural
resourcesand yet further ‘intermediate input$d produceiron ore. The same
logic appliestoa wholerange of‘materials’— theythemselvesequire a
compositeof capital, labour and other inputéo produce. Howeverthere are
accepted methodologies fdistinguishing capitabs a primary inputn a way
that has notyet occurred fomaterials,with the resultthe flow of the share of
output accruindgrom materialuse isattributed eitheto labour, capitabr TFP.
Second, partlyas a resultof the conceptual dficulties, useful dataon ‘raw
materials’ for econometric analysiare not aswidely availableas dataon the
broadercategoryof ‘intermediate inputs’. Indeed, national accounfsdslly do
not distinguish between inputs other than labour andcapital; materialsare
combinedinto the intermediateinputs aggregatewhich is subtractedfrom gross
outputto give value added. Whilan increasen the valueof raw materialsused
would increasdghe valueof intermediateinputs, it clearlydoes not necessarily
follow thatan increase inintermediateinputsis alwaysdue to anincreasen raw
materialuse (forexample,t maybe due tooutsourcingof certain administrative
tasks). Atthe sectoriallevel, some national accountésuch as the US and the
EU) distinguistbetween energyand other intermediatenputs,while in other cases
servicesare further separatefiom other intermediatenputs. Aswill be explained
in section3, the datarequiredin order to allow heterogeneitin input use and in
productivity constrairus to adoptthese widerdefinitions.

(b) Intermediateinputs in economic production functions

Materials have occasionalbeen includedn the productiorfunctionsof theoretical

economic growthmodels exploringthe sustainabilityof economic grath. For

instance, theory indicates that sustainable graowdly be possible, provided

that human-madecapital and other replacementesources substitutéor depleted
natural resourcef4]. Technological advanceand capital accumulation might
alsooffset declining natural resources, providee rate oftechnological advande

high

T One possible route to construct a more disaggregaied wvould ke t use inputoutput
tables,such asthoseof the OECD, and assurtleat allinputs from certain sectors (e.g. mining
into manufacturing) are rawnaterials.However,mary more sectorsre aggregatedogetherin that
datasetso thiswould imply asubstatial reductionin the numbeof obsenationsavailable.One
route to overcome this woultk to assume that sectdnsve idertical production functionsin
different countries antherely increase the numbef availableobsernations.But this solution
obviously comes with itown drawvbads.

Article submittedo Royal Sciety



6 Baptistand Hepburn

enough[66]. £ Empirically, however, itappears that current investmeintdqiuman
and manufacture¢apital byseveralcountriesare insufficientto offset thedepletion of
natural capital [3].

The increasesn energyprices in the1970s stimulatednhuch researchinto erergy
consumptionand its relationshipwith gross output[16; 60], including work on
input-output formulationd39]. This led to an interesin directly accouning for
‘intermediate inputs’such asmaterials,energy and servicesin the production
function. Since then, many studies have estimated KLEM (capitalbor,
energy and materials)and KLEMS (capital, labor, energy materials, and
services) prduction functionsfor dataas early as 1947 [14f These various
research forts provide auseful starting poinfor this paper, but do ngbrovide any
investigatiorof the relationshipbetween material inputsand productivity.

More generally researchn this broadarea has focuseshsteadon the relationship
between productivity and energyconsumption5; 60—62] orenergy pricegl6; 18;
38], rather than material use. For instance, empirical studiexf the US
economy haveshown longterm trendsin the relationshipbetween energyse and
productive €ficiency [60; 61] and Jorgenson44] found that declining energy
intersity is correlatedwith higher productivity in manufacturing industriesin the
US, althoughthis maynot havebeen caused by improvemeritsenergy €iciency
But no researchhas consideredvhethersuch resultdor energyuse are observed for
material use.

(c) Total factorproductivity

Productivityhas different definitiondgn different contextsln nationalaccouns, it
is typically measureds the ratio ofoutputs, measured hyass orvolume (not
value), to inputs, measured bynass or volume [52]. In the economic growth
literature, there are various productivity measures, including ‘labour
productivity’ — value-addedper worker — and as'total factor productivity’
(TFP), which is the constanterm in the production functionloosely, thatpart of
output which cannotbe explainedafter accountingor the applicationof defined
inputs includingcapitaland labouy.

TFPis not directly measuredyut emergess theresidualin the regression ofotal
output on measured inputsSo, for instance,if important inputsare omitted,
measured TFP maype biased upwards. Measured TFP from the early
economic growth literatur@3; 67] were subsequentlysed as the basis foanalysis
of productivity growth across firms industries,and countried21; 48-50]. Early
studiestended toestimate TFPoy representinthe productionprocess usingavalue-
added functiorjl2], in which ‘value added’,\V, is relatedto grossoutput,Y, and
inter- mediate inputsyM , as:

f The specific requiremernis that the ratef tedhnical change divided ¥ the discount rateis
greater than the outpatasticiy of resources [66].

Tt Itis long been argued that energyan additional andignificarnt inputin the production
function and that it cannot simphe substitutedor by other input$22; 25; 26; 35; 65]. Ayres
argues that ‘energy services’energy inputs multipliedypan overall conversionféciency —
are a key driverof economic grevth, andthatincorporating energy as a factaf production
increases theexplanatorypower of traditional production functions [5-7]. This literatureis
relevan here, because it demonstrates the imgfaonitting relevant inputs frorthe production
function.

Article submittedo Royal Society
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V=Y-M

(2.1) a value-added estimation approashcommonly employedo determine
produdivity. This is partly becauseit is consistentwith aggregationup to the
economy-wide scale,but also because oh lack of data availabldo base the
analysison grossoutput. Howeveras noted abovethe value-added approatias
several limitations [52]. By definition, becauseit adjustsfor all intermediate
inputs, such as materialdgt does not takénto accountthe contributionof inputs other
than capitaland labour The valueadded approach therefore implicitly assumes
that tedinical changeonly operateon capitaland laborinputs,and that all other
inputs are usedin fixed proportionsGenerally,the hypothesis that technology
affectsonly primaryinputshas not held up tempirical verificationand technical
changehas beenobserved to bea complex procesuijth some changes#fiecting all
factorsof production sinultaneously while other typesof change ffect individual
factorsof productionseparatelyf31]. Furthermorethe valueadded approactoes
not correspondlirectly to a specifianodel of production[19]. When data allow,
the grossoutputapproachwill be preferred [11]for some purposessuch as those in
this paper, whilghe value-added approaetill be preferredfor others.

The relationshipbetween TFPand ‘technology choice— the choice of themix of
labour, capitaland intermediaténputs, represented formally ke coeficients of
the production function— has not, to ourknowledge,been exploredin the
literature. Yetdetermining whethethere is a relationshipbetween theinput
intensity of different production techniqueand total productivity is important,
becauseit would help firms and policymaker® increaseproductivity. This paper
attemptsto conductsuch an analysisusing empirical methods, examininghe
relationship between TFPand the intermediatanput intensity of production, as
measured P the output elasticityof intermediateinputs.The next sectiorexplains
our methodologicabktrategy

(d) Theoreticalbasis for theempiricalanalysis

We define the groseutputand the valueadded production functiorend explicitly
set out the measuref productivity adopted. LeY representreal grossoutput,
K be the valueof the real capitastock,L a measuref real labour inputand Mthe
real value of intermediateinputs. Lett and i be indices represeting time and
individual entities(such asfirms, sectorsr countries) resectively. Recogising
various caveatsabout aggregateroduction functiong32; 43; 47; 59], ifwe take
the Cobb-Douglas functiondbrm [23] as a first-order logarithmic Taylor series
approximationof the production functionthe value-added specificatida given

by:
In Vit = Inay; +bgk, In Kj; +by; InLj, (2.2)
Vit = Yit — M. (2.3)

The grossoutput specificatiors given by
In Yit = Ot +IBKi In Kit +ﬁ|—i In I—it +ﬁMi In Mit- (24)

The productionfunctionis said to have constant returrie scale if fx + S + fSwm
= 1 ;this is equivalentto the functiorbeing linearlyhomogenous. If

Article submittedo Royal Society



this conditionholds,there is a proportionate relationshlgetween inputand output
for examplejf an industryhas 10per centmore of eachinput it will producelO per
cent more output If the sum of the cdéicientsis less than greater thanlunity, the
industry is said to have decreasing (increasing) retutosscale and theindusry
would consequenthbe more profitable by becoming smaller (largefonstamh
returns to scale are sometimes imposedvhen sectorial or economy-wide
production functionsare estimatedfor two reasons:ffirstly, economic theory
suggeststhat this condition shouldhold where marketsare competitive and,
secondly the estimated output elasticityf capitalis often insignificantor even
negativein the absencef the constant returns assumptiaine to measurement
difficulties. The null hypothesi®f constant return® scale isrejectedin some, but
not all, of the sectorswe consider. Resultare presentedoth with and withouthis
restriction and thefindings of the paper hold ineither caseThe estimates in the
logarithmic specificationf equation2.4 are equivalert

to the output elasticityof each input; for example,the codficientpy can be
interpretedas sayingthat aone percent increasen the amountof intermediate
inputs will increase output by, per cent.Note thatthere is a distinctionis
betweenthe intermediaténput intensityof production,as defined bythe codficients
of the productiorfunction, and the physicalolumeof intermediateinputswhich a firm
or sector uses. Theproduction function determinethe outputwhich would be
expectedto be generatedrom a certainset of inputs; but the exactchoice of
input factor ratioswill be determined byhe reactionsof a profit-maximising firm
subject to thefixed constraintsf factor prices and theproduction function.The
ratio of intermediaténputsto other factorof production(e.g. intermediaténputsper
worker) will vary with factor prices even if theproduction functions fixed (i.e.
lower intermediateinput prices will mean more intermediataput use but nota
differentintermediateinput intensityusing ourmeasure).

The value-added production functias valid if all intermediateinputs, including
materialsare separablérom other inputsthere is perfeccompetition,no changes in
the rate of outsourcingand homogeneoutechnology Biasesfrom valueadded
production functionsan arise ifany of these conditionss not met, which iswhy
employingthe gross-output production functian derive econometriestimates of
total factor productivitys preferredfor our analysis.Furthermorewe showthat
there isa systematic divergenbetweenmeasuresf total factor productivity based
upon the gross outpwnd valueadded production functionand thatthe size of this
divergencas a functionof the intermediaténput intensityof production.\Valueadded
is an important conceptot only becauset is the dominant specification for
accountingfor cross- andwithin-country income dferencesbut also becausé
forms the analytical underpinnindor national accountinggf GDP. Value-
addedmeasuresalso capturethe extentto which an industry generates national
income (ratherthan outpu). It is thereforeof greatinterestto understandhe
nature and extent of any impact on productivity measurementsfrom the
exclusion of intermediatenputs.

Considerthe relationshipbetween the gros®utputand value-added measures
TFP: whatf the gross outputmodel is given by equatior2.4 but weestimate
equation2.2? The first ordeconditionsfor profit maximisationcan bederivedby
takingthe marginal productf eachfactor, i.e.the derivativesof the 3-factor gross
output production functiom equation?2.4, and settingthese equal tdactor prices
and solvingthe threeresulting simultaneous equatiofos the input quantities of
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t(, L(andM. Lettingpe representhf price offactor F andletting A = ¢* we have:

V(B +pL+Pwm)
Y “pk P PL AL Bm P +pL

M= 4 N -
A Bk AL Pm

Withoutloss ofgeneralitywe assume constant returtws scale forsimplicity and
write equatior2.5 asM =y ¥ (note thatprices and theoutput elasticitieare taken
to be fixed so y is a constant)ln order to understandhe bias in the cdficientsin
equation2.2 we wantto expressthe true model ofproduction (firmsphysically
producegross output,e.g. tonnesof steel, rathethan value-addedvhich israther
an accounting construct deriveftbm gross output)in a form that correspond$o
the value-addednodel and thencompare cofficients. Repeated substitutioh
equation 2.4 into equation2.2, using equations2.3 and 2.5, and suppressing
subscriptdor notational clariy, gives:

(2.5)

Inv Miny +In(1-—,) (2.6)

= INA+pcINK+AINL+FyInM +In(1- ) Y

= A+ INK+A L +pulnY ~InA +Iny]+In(1- ,) 4

_ Pwm N Bk B

= InA+ 1= Iny +In(1 A) 1= I_r:_K 1= In L.
v+ Bwm Bm

In our 3-factormodel with constanteturnsto scale the relationshipbetween the
value-addednd grossoutput coéficientsis therefore:

_ Bm 4 _ Bk AL
Ina=InA + 1= I_ny+ln(1 K)’ bk —FQL B (2.7)
Bwm AL AL

Equation2.7 showsthat estimatesf TFPfrom a value-added production fuiom

will be biased estimates gross outputotal factor productivityand the size of this

bias will be increasingin fy. Value-addeds a useful summarystatistic for
discussinghe distributionof incomeand inderiving measuresd productivity that
reflect the extentto which economywide income cannobe explained bythe

accumulationof capital and labour However,the omissionof intermediateinputs
and theresultant divergencén measuresof TFP means thathe underlying
productivity of the productionprocess isbetter measuredsing the gross-output
production function.

In the empiricalwork which follows in section3, we investigatethe observed
patternbetween underlyingproductivity and intermediateinput intensityusing
the gross-output spcification.

3. Empirical analysis

In this section we use sectoriabnd firmlevel datato investigatethe hypothesis
that a higheintermediateinput intensityis associatedhith lower underlying TFP.
We also usefirm-level datato show that estimatesf value-added total factor
productivity are indeed divergerit the manner deriveth equation2.7.
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10 Baptistand Hepburn

It is worth emphasizinghe stringentdata requirements order to relax the
conventional assumptions thatermediateénputsenter theproduction functiornn an
identical wayfor all sectorsand thatproductivityis unrelatedto intermediate input
use. In order toobtain asingle data point with these generalizationsit is
necessary toestimate a production functiomhe estimated production function
codficientsand the estimateof TFPthen provide asingle observationwhich can
be used toinvestigatethe questionof the natureof the relationshipbetween
intermediate input intensityand total factor productivity. Therefore itis
necessaryo collect enough datao estimateeach relevant production function,
and then taepeat the processsafficientnumber of timesin order thave enough data
points for the ultimateanalysis.Note also thakach of the observations the ultimate
analysismust besuficiently relatedsuch that itis sensibleéo comparethem.

The datasetwe have employed satisfiethese stringentdata requirementdn
order toobtain enough observatioms allow for heterogeneityo investigate the
relationshipbetweeninput use andtotal factor productivity athe sectoriallevel,
we havehad toaccept devel of aggregatiomf inputswhich is higherthan wewould
prefer (i.e.intermediateéinputs rathethan materials).

(a) Data

We investigate our hypothesis primarilyusing the NBERCES manufacturing
industry databaseand full details of variable definitionsand database
constructionare availablefrom the websiteof the NBER [13]. The datasetis a

panel of 473 manufacturing industries definedo the sixdigit level (basedupon

NAICS codes)from 1958 to 2005. The datre unbalancedn thatsome industries
enter orleave manufacturing due t@ changé the industrycoding structurein 1996,

but all datahavebeen coded sdhatthey are consistentwith the current sectorial
definitions.

The dataset contains annual indusleyel dataon employmentand hours, normal

value of shipments, value-added, capitsibck and intermediatenputs, alongwith

price indicesfor sales, capital stocknd intermediatenputs. Firmgross out- put is

constructedhs thevalueof shipmentglus the changen inventories,using the price

index for shipmentsto deflateinto real values Hours worked arecalculatedby

multiplying total employment byhe averagehours workedby productionworkers:

the hours ofnon-production workerare not availableand so weassumehatnon-

production workersin a sector put in the same number of hours @®duction

workers. Real value-adddsl calculated byusing the priceindicesfor shipments
and materialswith the price indexfor shipmentsbeing used asa deflatorfor

invertories. Two NAICS industries— 334111 (computers) and 334413
(semiconductors) are excluded from the analysis due to difficulties in

constructing accurate priadeflators.We do not have dataon human capital,
such asaverage education eforkers, atthe subsectoralevel but, in thecontext
of models with heterogenousechnology human capitalcan becontrolledfor by

the inclusionof intercept andime trend terms undegplausible conditions [30].

(b) Specificatiorof intermediatenput intensityand parametehetergeneity

In this analysis, ‘technologys used to refer to the set obeficientsfx , L, fwm »
while TFPis definedas theconstanterm «, and isallowedto vary overtime and
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NAICS code Sectordescription

311 Food Manufacturing

312 Beverage and Tobacco P rodulanufacturing
313 Textile Mills

314 Textile Product Mills

315 Apparel Manufacturing

316 Leatherand Allied ProductManufacturing
321 Wood Products

322 Paper Products

323 Printing and RelatedSupport Activities
324 Petroleumand Coal Products

325 ChemicalPraducts

326 Plasticsand Rubber Products
327 Non-metallicMineral Products

331 PrimaryMetal Products

332 FabricatedVietal Products

333 Machinery

335 Electrical Equipment, Appliancesxd Components
336 Transportation Equipmén

337 Furnitureand RelatedProducts

339 MiscellaneousManufacturing

Table 1.NAICS industryoefniions

across sectorsthrough the inclusion of binary dummy variables.The least
restrictive assumptionwe could make ontechnologyin this contextwould be
to allow each six-digit industryto have its own set of production function
codficients, mssibly varying over time. Howeverthis would have the
disadvantagef reducingthe samplesize availablefor each estimated production
function, wouldnot allow for the exploitationof the panel dimensiorof the
datasetand, most importartly, would not allow unrestricted TFP evolutioss
there would be insufficient obserations to include year dummiesie therefore
allow for technologicalheterogenejt at the three-digitlevel (i.e. the industries
definedin table 1), and assume thaewery six-digit subsectoof a three-digit
industryhas commontechnology Technology isalso held to befixed within a
three-digit industry over time.This is, of coursemore restrictivethan allowing
technologyto differ by six-digit subsectohut less restrictivedhan estimating a
production function athe level ofaggregate maracturingor of the aggregate
econony. It has recentlybeen argued thathe focusin the literature on cross-
country and crosssectorial production functionsn mattersof endogeneityand
specification has neglectedhe importantpossiblerole of parameter heterogeneity
[30]. This paper presentsvidence thabne critical elemen of this heterogeneitys in
the role of intermediatenputsin production.

If prices ofinputsand technologyare takento be exogenousand there igperfect
competitionand constant returng® scale,then thefirst-order condition®f profit
maximisationin equation2.4 imply thatthe share of intermediai@putsin total
cost will be equal tg¥\n. Anaugmentedconditionholdsif theserestrictionslo

t This, along with the inclusioof time dummies, means that seculiendsin productivity
and the sharef intermediateinputsare not thecause ofour results rather, theyare drivenby the
cross-section variationelweensectors.
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12 Baptistand Hepburn

not apply. While only the exogeneity restrictionare imposedin our modeling,we
use this resultas a motivation for our empirical definitionof intermediateinput
intensity: asector is said to be moretensiveif the codficientsy, is higher, and
this paper aims tanvestigatethe relationshipbetween total factorproductivity
and intermediatanput intensity by estimating production functiofus differert
subsectorsf US marufacturing?

(c) Estimationstrategy

We employ econometric methods to estimate the parametersof an aggregate
production functiorand express productivityn terms of theestimated parameters.
Our approachis differentto the standard'growth accounting’ approach [31; 45].
The growthaccounting approadk to usea non-parametric technique thateights
different typeor qualitiesof factors by income shar¢40; 51]. Whilethe growth
accounting approachnas often beenpreferred due to its less stringent data
requirements, it requirefive key assumptionsin order to be valid. First, it
assumes stable relationshifppetween inputsand outputsat variouslevels of the
economy with marginal products thaare measurable bgbserved factoprices [10].
Second,the production functionused must exhibitconstant returngo scale [51].
Third, the approach assumes that producers behéfieieatly, minimizing costs
and maximiang profits[51]. Fourth,the approach requires perfectly competitive
marketswithin which participantsare price takersvho can only adjustquantities
[51]. Fifth, aparticularform of technical changeust beassumed.

In contrast, the econometricmethods we employ do not require the a priori
assumptionf the growth accounting method. Rathdirey enabléhese assumptions
to be tested[15]. Equations2.2 and 2.4 areestimatedusing a range of
economeic techniqued. Identification problems[47] can beovercomeusing the
plausibleand widely-made assumption thate prices forinputs and outputs
vary acrossubsectors.

t Equation2.4 showswhy material or intermediateinput per unitof output isnot an appropriate
measure to westigateour hypothesesas an increase imFP (i.e. ) will trivially decrease
materialper unit of output.

T The literaturen estimatingproductionfunctions, particularlyn thecortextof paneldata
with a long time series dimensias rapidly evolving. One of the key dfficulties in this
literaturehas been finding aspecification and an estimatiormethal which achieve both
economic and econometricegulariyy [31]. A recent surwey of the stateof production
function estimationis given by [30], which cortainsa full discussionf the diferent estimation
techniquesavailable andthe conditions requireébr each of them to produce umiasedand
efficiernt estimatesf the true underlying parameters.

t If all inputsare costlessly adjustable and chosen optimally tlifeprices arecommon,a
Cobb-Douglasproduction function will be uniderified [17]. Taking the firstderivative of a
Cobb- Douglaproductionfunctionleads to a first-ordeondition whereguanitiesare functionsof
prices and the (sector dirm-specific) TFP term. So, with common prices, inpudse all
collinear withthe TFP term ando are unidertified. This problemnis mitigatedin the presence
of adjustmen costsor where sectorface differentfactor prices. Noteéhat input prices faced by
sectors can still fier evenif one were to kelieve that input mark&tsare perfect. For example:
the efective priceof labourwill differ with commuting distances; the prigfecapital will differ
with proximity and exgrtiseof repair andnairtenancdirms, whichthemselesmay be sector-
specific, or with credit constraits. Cortractsfor the supplyof raw materials willcortain prices
which will vary depending onwhen thecortractwassigned and theelative use of spotor forward
markets. Transport costs fophysical intermediateinputs will alsobe firm and sectospecific.
And so on. Evenif prices
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We employfour different econometric techniques: ordindegst squareqOLS),
the standard panel data fixeffects estimator (FE),the meangroups estimator
(MG) [56] and the common correlateceffects mean groupestimator (CCEMG)
[55]. These latter two estimatoabow for more generaforms of cross-sectiorand
time series dependencegs well as forms oheterogeneityn the errorstructureThe
OLS estimator will be valid if statistical error for each observation is
independentlyand normally distributed. A fixedeffects estimator relaxeghis
assumption by allwing for common time-invariant factors within a subsector.
The meangroup’s estimatowill yield consistent estimates long as there is not
heterogeneityin unobservedvariablesand errors arestationary.The CCEMG
estimatorallows for heterogeneyt in the unobservablesand allows forcross-
sectiondependenceesultingfrom unolkserved factors commorbetween sectors(e.g.
Commonshocks affecting more thanone subsector). Thesiesues would require a
fuller treatmentin order to preciselyidentify the production function parameters
and to make possible statementabout a causal impactof intermediate input
intensityon total factorproductivity, and sowe do not makeclaimsof causalityin
this paper. Rather,we seek todemonstratehat intermediateinput intensityis
relatedto total factor productivityand thatthe relationshipgs robustto a number
of different econometriapproabes.

The key resultsof this paper —that sectorswith higher intermediate input
intensitytend tohavelower levels of TFPand that value-added estimatefsT FP
have abias which isincreasingin intermediateinput intensity— are robust to
these choices aéstimationtechnique. Wepresenthe resultsfrom all four estimaion
methods graphically in each case with andvithout imposingthe assumptiorof
constant returndo scale. Forthe sake ofbrevity, only the OLS resultsare
presented intableform in the main body of the paper, but thesultsfrom the
other estimatorm tableform are availablefrom the authorsupon request.

(d) Resultsand Discussion

The resultsfrom the OLS regressiofor each of thetwenty industries considerede
presentedn table2. The production function cdéicientsare generally plausie:
the cosdfficients on labour and intermediat;nputs are all positive,as are the
mayjority of those oncapital.Due to difficultiesin the valuationof capitalstock it
is not uncommorfor some estimate®f Sk to be negativeor poorly identified, and
constant returngo scale are oftenimposedto achieveregularity given that the
cordition should be satisfiedin an industry in equilibriumf For example,
Burnsid€20] concludes that constant retuitnsscale isprobablyan appropriate
restriction for US sectorial-level production functions. Botthe restrictedand
unrestricted resultarepresentediere, and theconclusiondollow regardless.
While our primary interesis in the patternbetween the sets abdficientsa,

Lk, BL and Bwv, we first describetheir absolute estimatets give a feel for the

results. The highestintermediateinput intensity(as measured by, ) is observedin
the apparel (315pand leather (316) sectorahere intermediaténputs account for
around90 percentof total inputsthe lowest is found irlectrical equipment (335)

were tobe idertical between sectors, thdertificationproblem carbe solvedprovidedadjustmen
costs betweeninputs féér by firmor sector, as woulddexpected.

T Recall that becauseis defined as theonstabtermin a logarithmic equatiomegatie
values simplyefer to levelsof TFPof betweerzero andone andare notcausdor concern.
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and furniture (337) manufacturingwhere the share is under 50 peent. Total
factor productivityis highestin fabricated metal product{832) and machinery
(333) and lowest ineather products (31&nd plasticsand rubber(326).

The relationshipbetween the intermediatatensityof an industryand itstotal factor
productivity is shown in figure L. Thereis aclear relationshipin the pat-tern of
cosdficientsacross industriesthose sectorswith a higheintermediateinput intensity
tend tohavelower total factorproductivity. This patterris repeated fothe fixed
effects estimatorshown in figure 2, and the MG aftdCEMG estimatorsshown in
figure 3.

The p coefficientsof the production functiorsum toa quantityclose tounity

for all industriesvhere theestimations unrestricted. Therefore, a negative pattern
betweenfy and TFP implies thathere is likely a positive patterbetween TFP
and atleast one of the othecodficients. Figure4 depictsthe observedpattern
between the labououtput elasticityand TFPusing theresultsfrom table2. There
is a strong positive relationship: sectatsch are moreintensivein their useof
labour inputstend to have higherTFP. Thereis no clear patternin relation to
capitalintensity, not shown forbrevity. The factthat labour-intensive sectohsave
higher TFP and intermediaténput-intensive sectors halever TFPis reminiscent
of the (controversial) ‘double dividend’ hypothesis thapkacingabour taxes with
environmental taxes might reduibe costsimposed bythe tax system [36].
Because TFPis, by its very nature, capturing unobserved elemeoitsthe
production process, is not possibleto infer from this analysighe precise naturef
therelationshipbetween thetwo. It maybe the casdhat reducinintermediateinput
intensity causes changmsunobserved factorshich lead toincrease TFP direct]ly
or it maybe that changes an associated unobservable factor redwalth in a
lower share of intermediat@putsand higher TFP. In the former casepolicies to
reduceintermediateinput intensity would have a direct TFP benéfitthe latter
case, it woulddepend uporwhetherthe policy acted viahe relevantunobserable
factort

Our analysisdoes not attemptto discriminatebetween possible causesf the
observed correlationbetween TFP and By . Future researchyith aricher data
set, could explorethe following hypotheses. Firstas suggested by equation 2.7,
it may be thatrents from natural resources the value-added/GDP framework
are being ascribedto TFP. Second,both the constantand slope parameters of
the production functioncould be jointly determined fundamental parameters of
the production function. Thirdthe patternof outsourcingand vertical integration
both betweensectorsand within asector overtime mightdiffer in sucha way thats
systematically relatetb TFP. This list of possible driverof the correlation is
not exhaustive.

We conduct a furthepiece ofanalysisto address a possible concern that the
sectorial relationships an artifact of the aggregationof firms, and that any
variation can besolely accountedor by sectorial compositioalone ratherthan

by

T This couldbe explored by allwing theproductionfunction parameterst@ary over time, buwe
do not have suficiert data to robustly estimagroduction functionsfor a single industry over
time withoutimposingrestrictionson the naturesf technologyevolution.The data requirements
dothis wouldbe strenuous indeed; a large da& isrequired even justo generatean estimatef
a production function, which preidesonly a singleobsenration for the analysiof the TFP-
technology nexus.
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NAICS code « (TFP) AL Bwm a (CRS) pSk (CRS) fum (CRS)

311 0.22*  0.23* 0.53* 0.14* 0.62*
001 001 0.1 0.01 0.01

312 0.28* -0.05* 0.13* 0.83* 0.0C 0.09* 0.71*
(0.09' (-0.02 (0.02 (0.02 (0.06 (0.02) (0.01

312 -0.51* 0.18* 0.16* 0.62* -0.34*  0.18* 0.58*
(-0.09  (0.03 (0.02 (0.03 (-0.06  (0.03 (0.03]

314 -0.1¢ -0.07* 0.17* 0.81* 0.15* 0.01 0.61*
(-0.10  (-0.03 (0.03 (0.04 (0.07 (0.03] (0.04]

31E -0.58* -0.01  0.05* 0.90* -0.47*  -0.01 0.83*
(-0.07  (-0.01 (0.01 (0.01 (-0.04  (-0.01 (0.01]

31€ -1.19* 0.06* 0.08* 0.91* -0.63* 0.01 0.88*
(-0.12  (0.03 (0.03 (0.04 (-0.07  (0.02 (0.03)

321 -0.56* 0.05* 0.29* 0.79* -0.39*  -0.05* 0.83*
(-0.09  (-0.02 (0.02 (0.02 (-0.07  (-0.02 (0.02)

322 -0.16* 0.12*  0.17* 0.66* -0.1C 0.07* 0.68*
(-0.08  (0.01 (0.02 (0.02 (-0.06  (0.01 (0.02)

323 0.28* 0.05* 0.37* 0.57* 0.51* 0.00 0.58*
(0.06 (0.02.  (0.02 (0.02 (0.06 (0.02) (0.02)

324 -0.53*  0.08  0.15* 0.76* -0.34* 0.01 0.81*
(-0.09  (0.05 (0.05 (0.06 (-0.08  (0.03 (0.03]

325 -0.30* 0.03*  0.47* 0.64* 0.0 0.05* 0.70*
(-0.06  (0.01 (0.01 (0.01 (0.04 (0.01) (0.01)

326° -0.67* 002  0.16* 0.82* -041*  0.07* 0.74*
(-0.08  (0.02 (0.02 (0.03 (-0.07  (0.02 (0.03]

327 -0.08 0.16* 0.27* 0.56* -0.06 0.11* 0.64*
(-0.07  (0.02 (0.02 (0.02 (-0.05  (0.01 (0.02)

331 0.0¢ 0.01  0.31* 0.66* 0.15* 0.07* 0.62*
(0.06 (0.01. (0.01, (0.01 (0.04 (0.01] (0.01)

332 0.59* 0.07*  0.39* 0.50* 0.60* 0.08* 0.47*
(0.06 (0.01. (0.01, (0.01 (0.04 (0.01) (0.01)

332 0.32* 0.05*  0.43* 0.54* 0.58* 0.02 0.56*
(0.06 (0.01. (0.01 (0.01 (0.04 (0.01 (0.01

33t 0.17* 0.29*  0.44* 0.31* 0.43* 0.27* 0.35*
(0.09' (0.022 (0.01 (0.02 (0.05 (0.02) (0.02)

33€ -0.35* 0.0C  0.42* 0.67* 0.09* 0.10* 0.62*
(-0.05  (0.01 (0.01 (0.01 (0.04 (0.01 (0.01

337 0.12 0.21*  0.30* 0.47* 0.0¢ 0.05* 0.62*
(0.10' (0.02. (0.02 (0.04 (0.08 (0.02) (0.04]

33¢ -0.56* 0.14* 0.28* 0.65* 0.18* 0.1 0.58*
(-0.07  (0.01 (0.02 (0.02 (0.05 (0.01) (0.02)

Table 2. The dependentvariable is log of real output in 1987 $US. Observationshave been
weighted accordingto employmenin the sector. Constant returngo scale in K, L and M have been
imposed incolumnsdenoted (CRS), althoudiire null hypothesisof CRSwas rejected inall industries
other than thosedenotedwith an a. Note that in theCRS estimateSx + . +fm = Jdand hence
LL is not reported. Year dummiewere included but have not beerreported. Standarcerrors in
parenthesisand * indicatessignificanceat p < 0.05. Industry311 is the omitted categorgnd soa in
that industry is implicitly defined as zero. The nuhypothesisof commontechnolgy across these
industriesis easily rejected. The R2 of this regressionis 0.9996 and the residual standarderror is
1.05 on20339dgyreesof freedom.
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Figure 1.Intermediateénputintensiy (defined by théntermediateinput outputelasticiyy) and TFP
in US manufacturing sectors estimated fromn OLSproduction function. Theline represents a
simple employment-weightgdL S regressionine for illustrative purposesonly. The CRS sffix
applies whereonstahreturns to scalbave beenimposed.

intermediate input irtensify. If the inverse relationshipbetween TFP and
intermeadiate input intensitylso holds at the firm level as well as theectorial
level, this would suggest that resultwe not merely an artifact of sectorial
compaosition(i.e. it just so happens that sectomgith higher TFP use fewer
intermediateinputs.) Figures presentssome indicative evidence ate firm level
that this relationship between intermediatdnput intensity and total factor
productivityis not purely asectorialone. The dataset used area panelof 863
medium-sizedmanufacturingfirmst from South Koreaobserved for threeyears
from 1996 to 1998 fromasurwey conducted bythe World Bank, see [37] fora full
descriptionof the dataset (theideal comparison, a panef US firms from the
sectors and years of the sectorial data was not accessible). Total factor
productivityis calculatedusing a production function previously estimatading
this data[9], and intermediaténput intensity iscalculatedas intermediaténputsper
unit of labourinput.

1 From the textilegarmens, madinery, electronics and wood produdsctors.

1 Because a singl@oductionfunction was estimatefdr this datasetfg),, is the samédor all
firms,so analternatiemeasuref factor intensiy wasrequired. Usingntermediatanputsper unit of
output couldnot be used,becausehis could generate a spurious relationshipypothetical
exogenoudincreasen total factoproductivity would increase outpper intermediatéenputeven
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Figure 2. Intermediateinput intensity (defined by thentermediateinput outputelasticity) and
TFP in US manufacturing sectors estimated using the fixdfeetsestimator. Thdine represents a
simple OLS regressioime for illustrative purposesonly. Note that all subsectoo§ each three-
digit sectorhave the sameintermediateinput intensiy codficient by construction. The CRS
suffix applies where constareturns to scalbave beenimposed.

Finally, we returnto the value-added specificatiamd the hypothesisderivedin
equation2.7 that value-added estimatefktotal factor productivityare biased
estimates ofunderlying total factoproductivity, and thatthe size of this bias
increasingin intermediateinput intensiy. Value-added TFPis calculatedby
estimating equatio®.2 using OLSwith constant return® scaleimposed(because
income sharesust necessarilysum to one in thevalue-added framework) he
relationshipbetween value-addedl FP, gross-output TFPand intermediaténput
intensity can then beobtainedfrom a suitable regression. TabBepresents the
resultsfrom an OLS estimationwith value-added TFRind thedependentvariable
and grossoutput total factor productivity and intermediaténput intensity8y as
independent variables. As predicted by equafidnthe coefficienton a is equal to
one, and thecoefficienton ), is positive.In short,firms with lower intermediate input
intensityof production have higheFFP.

4. Policy implications

Some of the policy implicationsfrom our empirical resultsdepend upon the
corceptual basis for the relationship discoveredbetween intermediatanput
intensity and TFP; thais, the precise naturef the unobserved factors driving
TFPwhich

if there waso changein the mannem which intermediateinputs were used ithe production
process.
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Figure 3. Intermediateinput intensiy (defined by thentermediateinput outputelasticiyy) and
TFP in US manufacturing sectors estimated using tiG and CCEMG techniques. The line
represents a simple OLS regressime for illustrative purposesonly. Sectors with 10or
fewer groupshave beenexcludedas these estimators perform poanlysuch situations. TheCRS
sufix applies where constareturns to scalbave beenimposed.

are associateadvith intermediateinput intensiyy. We find at least two possibilities
plausible. FirsthecauseTFP captures all unobservabliéghere are morepositive
spilloversfrom one factorof productionthan others, a higher intensiity that fador
of productionwill be associatedvith higher TFP. For instance, it maye that
there arepositive externalitiesrom humancapital accumulatiom the workforce
[1]. This would explain whyTFP is higherin industries thatare more labour-
intense.Other thingsequal (or indeedif capital use involves some positive
externalities), it wouldfollow that intermediate input-intensive industrieswith
lower intensity of capitaland labour inputs,will be associatedvith lower TFP.
Whether policies toeduceintermediateinput use directly would themselvdsad to
increasedl FP would depend upon thaatureof the externalities.

Second, by analogi Porter & vander Linde [57], it may be that firms that
search forwaysof loweringtheir intermediaténput intensityalso have highem FP,
eitherbecause the quest foeducingintermediateinputs createsther opportunities
thatare captured bythe firms or,perhapamore likely, firms thatare well-
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Figure 4.Labourintensiyy and TFPin USmanufacturingsectors estimatefdom anOLS production
function. Theline represents a simple emploent-weighed OLS regressioline for illustrative
purposesonly.

managedire able to bothreducetheir intermediaténput intensityand alsodeliver

greater TFPas a resulbf superiormanagemenpractices.

The broad observation thdbwer intermediateinput intensityis associatedwvith

higher TFP potentiallys not inconsistentwith at least three specific policy
recommendationgand there argotentially many others). First, irrespectife
causaliy underpinningour results, itseems likely that productivitycould be
improved, ancenvironmentabnd resource pressure reduced, by a redudtidhe
subsidiesspent annually on materialsand resourceuse. Suchsubsidies provide
incentivesfor firms to increasentermediateinput intensity whichas we haveseen,
is associated withower TFP. PerhapsUS $1 trillionis spentevery yearon

directly subsidizing theonsumptiorof resource$29]. This includes subsidies

approximatelhy$400 billion on energy[41], around$200-300 billion of equivalent
supporton agriculture [54]very approximatelyS $200-300billion on water[29],

and approximatelyUS $15-35 billion on fisheries[69]. To takeone perverse
example, subsidies worth5% of EU GDP are spent annuallyon providing tax
relief for companycars, which increasegreenhousgas emissions bybetween 4-
8% [24].

While these direct subsidiesre vast,they pale incomparisorwith the indirect
subsidiesn the form ofnatural assets that governments have faieproperly
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Figure 5. Intermediateinput per worker andTFPin South Koreamanufacturingfirms basedpon
a productionfunction estimated using systea&MM. Theline represents a simple employment-
weighted OLS regressidime for illustrative purposesonly.

OLS (Intercept) -0.41
(0.88)
Gross outputTFP  1.00
(0.51) 5m 3.47*
(1.41)

N 20
2§ 0.27
adj. R? 0.18
Resid. sd 0.72

Table 3.The dependentariable is value-added TFP. Standagirors in parenthesisand *
indicates significancat p< 0.05.

price. The indirect subsidy associatedth lack of paymentsfor biodiversity loss
and otherenvironmentatosts isestimated at perhaps much as $6.6rillion [68].T
Of this, US $1 trillion, veryapprximately, takesthe form ofsubsidiedor the use
of

t This estimate shoul® viewed with highmethodologicakcepticism andre vast underesti-
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the atmosphereas a sink for greenhousegas emissions[29]. By comparison,
globalGDPis aroundUS $60trillion at 2010 prices. Various countries, incladi
Norway, Brazil and Australia have imposed explicit resource taxasg, taxesin

one areadonot undo theproblems created by subsidiesanother.

Second, productivity mighte increased byother policies focusedn reducing
materialintensit, beyond reducing perverse subsidi@ne obvious exampleof

this would be shifting the tax base away from labour, the factor input that
correlateswith higher TFP, and towards materialsand resourcesthe factor
correlated witHower TFP. This follows regardles®f whetherthe resultsin this

paper are driven by sectorial compositionffects, or whether the relevant
unobservablesare directly relatedto material use within sectors. Taxing
environmental externalitiess obviously economically rationalas is taxing

mineralrents [33]irrespectiveof other consideration$or instancen contrasto

the very substantial taxates onlabour, only a very small proportionf tax

revenues areraised globallyfrom taxation ofresourceuse. For instancegven in
OECD countries environmental taxes comprsyy 6% of total tax revenues
basedon 2008 data;in the USA the proportion is aroun@®%, in the UK it is

around6%, while in theNetherlands its abovel10%[53].

Third, our results suggest that value-added measwfegproductivity, as
commonly embodiedn national accounting frameworks, may overstale

underlyinggross output productivityof intermediatadnput-intensive sectors. As data
from national accountsform economic plicy, it is possible thathis systematic
differencehas led topolicies which have sub-optimally increasdte size of

material-intensig sectorsin the econony. National accounts shouldlso

endeavorto measure matl use aswell. If possible, materialise should be

further decomposed tseparate energand servicesfrom other natural resources
and rawmaterial§rom purchasedcomponets.

5. Conclusion

This paper investigatedthe relationshipbetween intermediatenput intensity and
total factomproductivity. Thiswas achievedhroughthe estimationof gross output
production functionsfor US industrial subsectors allowindpr subsectoral
heterogeneityn both of the keyvariablesof interest: TFPand intermediaténput

intensity. The main limitations of the analysis,from the perspectiveof an

interest inmaterialuse, due tostringent data requirementggre that resultsvere
based ordataon ‘intermediate inputs’pf which materialsform a major (but not
exclusiw) part,and were atthe subsectofevel. A robustnessheck — using firm
level-data— did not overturnthe key conclusions.

There were three keyresultsfrom our empirical analysis. Firstthere isa

neative relationshipbetween intermediatentensity and total factor productivity
in the data examined. Seconthere isa positive relationshifpetween labour
intensity andtotal factorproductivity. Those sectorwhich are moreintensivein

their useof humans, rathethan rawmaterialsand other intermediatenputs, have
higherlevels of TFP, which means that a greatkerel of outputis achieved from
anygiven level

matesof infinity. Newerthelessit canbe taken as an indication that the scalkthe ‘subsidy’
is extremely large.

Article submittedo Royal Sciety



22 BaptistandHepburn

of inputs. Firm-level evidence indicates thhbit relationship maynot just bea
result of sectorial composition. Howevethe determinationof a causal impact
within a sector ofa reductionn intermediateinput intensity increasing total factor
productivity is left to future researchas is further narrowingto a definitionof
materialinputs alone. Third, value-added measwfgaoductivity, inherentin the
nationalaccountf almost all countries, may systematically overstageoutput-
based prductivity of material-intensive sectors. Changing national anting
frameworkgo include material inputand improvingthe scope andjuality of their
measuremen shouldbe a priorityif natural resourcese to be usedfficiently and
productivity maximised.
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